Lactate dehydrogenase (EC 1.1.1.27) from Vibrio marinus MP-1 was purified 15-fold and ammonium activated. The optimum pH for pyruvate reduction was 7.4. Maximum lactate dehydrogenase activity occurred at 10 to 15°C, and none occurred at 40°C. The crude-extract enzyme was stable between 15 and 20°C and lost 50% of its activity after 60 min at 45C. The partially purified enzyme was stable between 8 and 15°C and lost 50% of its activity after 60 min at 30°C. The thermal stability of lactate dehydrogenase was increased by mercaptoethanol, with 50% remaining activity at 42°C.
Investigations of lactate dehydrogenase (EC 1.1.1.27) (LDH) from mesophilic organisms have provided much comparative information (5); however, little is known about the psychrophilic enzyme. Bacteria are major contributors to nutrient cycling in the oceans (9) , and an LDH which is active at low temperatures can aid nutrient cycling where the temperature of 90% of the environment is below 5°C. Certain metabolic factors, such as psychrophilic enzymes, could restrict the growth of marine bacteria to environments at low temperatures. For these reasons we examined the properties of a partially purified LDH from a psychrophilic marine bacterium, Vibrio marinus MP-1 (ATCC 15381).
V. marinus MP-1 cells were grown for 24 h at 15°C on a complex seawater medium and harvested as described previously (8) . Late-log-phase cells were washed twice in 0.05 M sodium phosphate buffer (pH 7.4) containing 3.0% NaCl and 0.06 M ammonium sulfate. Cell extracts were prepared by using the MSK cell homogenizer (Quigley-Rochester, Inc.) and cooled with dry ice or by lysis of the washed-cell pellet in cold distilled water. Cell debris was removed by centrifugation (27,000 x g) for 40 min at 0°C.
The cell extract was brought to 20% ammonium sulfate saturation, and the supernatant fraction was then brought to 60% saturation (2) . The precipitate was dissolved in sodium phosphate buffer (pH 7.4).
The pyruvate reduction assay of Kornberg (6) , which measures the oxidation of NADH at 340 nm, contained, per 2.8 ml of reaction mixture, 2.0 i,mol of sodium pyruvate, 0.2 ,umol of NADH, 0.1 ml of enzyme, and 140 ,umol of sodium phosphate buffer (pH 7.4). At the concentration of the enzyme used in the assay, NADH oxidase activity was not detectable. The lactate oxidation assay of Nielands (10) was used to measure the reduction of NAD at 340 nm. The reaction mixture (2.8 ml) contained 12.0 ,umol of L-(+)-or D-(-)-sodium lactate, 0.6 ,umol of NAD, 0.1 ml of enzyme, and 140 ,umol of glycine-NaOH buffer. L-(+)-LDH was assayed at pH 9.6; D-(-)-LDH was assayed at pH 10.6. These enzymes are reported on here only for comparison of optimum pH. All subsequent studies report on the enzyme with NADH and the substrate pyruvate-the enzyme referred to as LDH. The reaction temperature was maintained by pre-equilibrating all the components except the enzyme and by using a thermostated cuvette chamber in a Bausch & Lomb 600 double beam spectrophotometer. In the salt * Corresponding author. activation studies, the salts were added to the phosphate buffer of the reaction mixture.
Thermal inactivation studies involved the use of a polythermostat (11) with triplicate tubes equilibrated at 16 temperatures. The LDH preparation (0.5 ml) contained 1.7 mg of protein (partially purified) or 7.2 mg of protein (cell extract) per ml. The enzyme was suspended in buffer containing additions of reagents as described in Table 1 .
Enzyme protein was estimated by its absorbance at 280/260 nm (14) . One unit of enzyme activity was defined as the amount of enzyme required to change the optical density by 0.020 in 60 s. Specific activity was the unit change per milligram of protein.
The specific activity of the crude enzyme extract was 3.9 U/mg. The 60% (NH4)2SO4 precipitate had a specific activity of 56 U, representing a 15-fold purification. The pH optimum for enzyme activity was dependent on the substrate. With sodium pyruvate as substrate, LDH had a pH optimum of 7.4; with L-(+)-sodium lactate as substrate, the L-(+)-LDH had an optimum pH of 9.6; and with D-(-)-sodium lactate as substrate, the D-(-)-LDH had an optimum pH of 10.5 and a specific activity twofold higher than those of the other isozymes. LDH isozymes also exist in other organisms: the H type oxidizes lactate, and the M type reduces pyruvate (4) . The LDH of Escherichia coli is unidirectional with pyruvate as substrate; the oxidation of lactate proceeded at 0.01% of pyruvate reduction (13) . The L-(+)-LDH activity of Actinomyces viscosus had less than 10% of the LDH activity (1). The ability of V. marinus MP-1 LDH to utilize different substrates at similar rates would aid the survival of the bacterium in the ocean, which has low concentrations of organic matter. All subsequent data are reported for the 15-fold-purified LDH with pyruvate as the substrate. This enzyme is referred to as LDH.
Although V. marinus MP-1 requires NaCl for growth (12) , chloride or sodium salts inhibited the activity of the partially purified LDH (Table 1) that sulfate was the activating ion; our data for LDHI activation showed that ammonium chloride, phosphate, or citrate were equally effective, indicating that ammonium was the activating ion.
The optimum reaction temperature of LDH was 15°C (Fig.  1) Heat stability of LDH after 60-min exposures. Symbols: *, cell extract (protein concentration, 7.2 mg/ml); A, partially purified enzyme (protein concentration, 1.7 mg/ml). The reaction mixture is described in the text. Enzyme activity after 60 min on ice was arbitrarily 100%o. Figure 2 shows the thermolability of LDH after 60 min of exposure. The crude-extract LDH was most stable between 15 and 20°C, which are the optimum and maximum growth temperatures for the bacterium, respectively. Exposure to temperatures outside this range further inactivated the enzyme, producing two plateaus at 28 to 30'C and 35 to 45°C. LDH isoenzymes in other organisms have different heat sensitivities, which also appear as thermal stable plateaus (4). The crude LDH had 50% remaining activity at 45°C. The partially purified enzyme was optimaliy stable between 8 and 15°C, with 50% remaining activity at 30°C. A similarly partially purified MDH of V. marinus MP-1 had 50% remaining activity after 30 min at 32°C (7) .
Attempts were made to stabilize the partially purified enzyme to thermal exposure. LDH had 50% remaining activity after 60 min in Tris buffer (at 20°C), NaCl (at 28°C), ammonium sulfate (at 32°C), and mercaptoethanol (at 42°C). Addition of glutathione to the 90% thermally inactivated enzyme resulted in reactivation to 40 to 70% of the initial activity, depending on the temperature. LDH from other sources has 17 to 27 sulfhydryl groups involved in its mechanism of action, and the activity of the inactivated enzyme is recovered on addition of reducing agents which reform the sulfhydryls (3).
In conclusion, LDH cannot be considered halophilic, because Na+, K+, or Cl-inhibited activity. LDH was NH4' activated. Nearly equal activity occurred with three substrates, and the differing thermal inactivation plateaus sug.-gest isozymes of LDH. Thermal stability was increased in mercaptoethanol. The low temperature (10 to 15°C) required for maximum enzyme activity and the rapid denaturation at mesophilic temperatures of 30°C and above define this psychrophilic LDH as different from the mesophilic ones so far described. 
